Physiologically relevant in vitro models are needed to study disease progression and to develop and screen potential therapeutic interventions for disease. Heart valve disease, in particular, has no early intervention or non-invasive treatment because there is a lack of understanding the cellular mechanisms which lead to disease. Here, we establish a novel, customizable synthetic hydrogel platform that can be used to study cell-cell interactions and the factors which contribute to valve disease. Spatially localized cell adhesive ligands bound in the scaffold promote cell growth and organization of valve interstitial cells and valve endothelial cells in 3D co-culture. Both cell types maintained phenotypes, homeostatic functions, and produced zonally localized extracellular matrix. This model extends the capabilities of in vitro research by providing a platform to perform direct contact co-culture with cells in their physiologically relevant spatial arrangement.
Introduction
Over the past 50 years, in vitro study of cell behavior has been important for understanding biological processes. Cells are studied with in vitro models before attempting to study them in the in vivo context because in vitro research is less expensive, is higher throughput, and offers better control of culture conditions. Much in vitro research has historically been performed in 2D, but 3D cell culture has become an increasingly important technique as research has demonstrated that many cell types retain their physiological behavior in 3D culture because of the relevant spatial presentation of microenvironmental cues [1] . Most 3D cell culture research, however, starts with cells and/or scaffolding in a homogeneous state, which does not recapitulate the physiological arrangement of tissue. Advancements in 3D culture systems, such as designed scaffold heterogeneity and co-or tri-culture of multiple cell types have given researchers greater flexibility and greater ability to mimic the natural microenvironment. Recent research has demonstrated that a heterogeneous 3D culture scaffold can be constructed using additive manufacturing [2, 3] , photopatterning [4] , and/or layering techniques [5, 6] . Co-and tri-culture approaches are of interest because they allow researchers to study cell-cell interactions in a controlled environment [7] and have been particularly useful in studying angiogenesis in multiple tissue contexts, including cancer [8] .
Despite these advances in 3D cell culture technology, development of physiologically relevant in vitro models has proven challenging [9] . Difficulties in optimizing culture conditions and maintaining long-term 3D co-culture without phenotypical change represent notable concerns [7] , especially when attempting to understand the complex processes which cause the onset and progression of age-correlated diseases.
To address the need for an improved in vitro co-culture model, we have designed a synthetic hydrogel platform for studying cell-cell interactions in their natural spatial arrangement. This tunable model provides control over parameters such as cell-type specific ligand presentation and mechanical properties, thereby more accurately mimicking natural ECM presentation to the cells. We used this system to develop a co-culture model in which we can study the factors which contribute to heart valve disease. Although heart valves are populated by two distinct cell types, there are very few studies of how the two cell types interact. Valvular interstitial cells (VICs) are fibroblast-like cells that occupy the interior of the valve and are responsible for ECM maintenance [10] . The valvular endothelial cells (VECs) line the exterior surfaces of valves and regulate tissue inflammatory and thrombotic responses, as well as signal underlying VICs and remodel valve ECM [11, 12] . Both cell types have been implicated in valve disease; understanding how the cells contribute to the disease state may help the development of a non-invasive treatment option. Co-culture models have been used to investigate VIC-VEC interactions [13] [14] [15] , but this model is the first to facilitate cell specific binding to the scaffold through use of zonally organized ECM ligand presentation. The model was developed to expand on previous studies by investigating some additional questions about valve cell interactions, including how VECs respond to the presence of VICs in the scaffold and which external cues from the ECM and surroundings are necessary to maintain valve homeostasis. The strategy of presenting a physiologically relevant 3D spatial arrangement of cell-specific cues can be applied to other endothelialized or epithelialized tissues which have a similar stratified arrangement of cells and matrix components. This model is the next step toward creating an in vitro 3D coculture platform for high throughput analysis of disease development and drug screening.
Materials and Methods

Valve cell isolation and culture
Aortic valve leaflets were dissected from fresh young adult (3-6 month old) porcine hearts acquired from a commercial abattoir (Fisher Ham and Meats, Spring TX). Aortic valve endothelial cells (VECs) and valve interstitial cells (VICs) were harvested following previously described methods [11, [16] [17] [18] . Dissected aortic valve leaflets were enzymatically digested in a collagenase II/dispase solution for 1 hour at 37°C. Next, VECs on the surface of the leaflets were isolated via gentle scraping using sterile swabs. The VECs were cultured on tissue culture plastic (TCPS) coated with 2.5% gelatin in EGM-2 medium and growth factor bullet kit (Lonza, Walkerville, MD) with 2% fetal bovine serum (FBS) and 1% penicillin/streptomycin/amphotericin in an incubator (37°C, 5% CO 2 , 95% humidity). At first cell passage, CD31-positive VECs were purified using anti-CD31 (Millipore, Billerica, MA) antibody-conjugated CELLection magnetic sorting beads (Invitrogen, Carlsbad, CA). If VECs were used after freeze, a second bead sort purification was performed. VECs were used between passages 2 to 5.
VICs were harvested by mincing aortic valve leaflets that had been denuded of their endothelium. The minced leaflets were digested in a collagenase III buffer for 4 hours. The cells were isolated by straining the digested tissue solution through a 70 micron cell strainer and then seeded onto TCPS flasks. VICs were cultured in a standard humidified incubator at 37° C with 5% CO 2 in 50:50 DMEM:F12 media (Corning, Tewksbury, MA) with 1% FBS (Lonza) and 1% penicillin/streptomycin/amphotericin (Lonza) and buffered with 1% 1M 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES, Thermo Fisher Scientific, Waltham, MA). VICs were used between passages 1 to 3.
Porcine aortic endothelial cells (AECs) were harvested from fresh porcine aortic tissues (Fisher Ham and Meats) following the same methods as VEC isolation, and cultured using the same culture conditions and medium as VECs. AECs were also purified at passage 1 for CD31 positive expression using magnetic bead sorting. AECs were used between passages 2 to 5.
Flow cytometry for CD31 expression using mouse anti-porcine CD31 antibody (AbD serotec, Oxford, United Kingdom) was performed to verify endothelial cell phenotype. Culture media for all cell cultures were changed every 2-3 days. All cell cultures in subsequent hydrogel scaffold based experiments used a 50:50 ratio of VIC:VEC culture medium based on the above formulations.
Peptides
MMP-2 and 9 sensitive peptide sequence GGGPQG↓IWGQGK (hereafter identified as PQ) was synthesized using solid phase synthesis (APEX 396, Aapptec, Louisville, KY). Fibronectin-derived integrin binding peptide sequence RGDS and laminin-derived syndecan binding peptide CRKRLQVQLSIRT (hereafter identified as RKR) were purchased from American Peptide Company (Vista, CA). RKR was dissolved in DMSO at a concentration of 15 mM and stored at −80°C in aliquots.
against pure water in a 3500 molecular weight cutoff dialysis membrane (SpectrumLabs, Rancho Dominguez, CA) for 3 days to remove unreacted precursors. After dialysis, the solutions were sterile filtered and kept sterile throughout freezing, lyophilization, and experimental use. Gel permeation chromatography was used to confirm PEG-peptide conjugation and proton NMR was used to ensure the acrylate groups remained intact.
Co-culture construction
The hydrogel-based endothelialized aortic valve model (HEAVM) was constructed over 2 days as depicted in Figure 1A . First a 500 μm thick, 12 mm diameter base gel of 10% w/v 6 kDA PEGDA was made in a silicone mold. PEGDA was synthesized from 6kDa PEG (Sigma) using acryloyl chloride (Sigma) as previously described [20] . This base gel was used as a non-fouling support platform in order to be able to manipulate the cellencapsulated HEAVM gel without direct contact thereby preventing damage. The base gel was blotted dry using sterilized Kimwipes and a 250 μm thick square of PDMS with a 5 mm diameter cut out was placed on the base gel to be used as a mold for the HEAVM gel. VICs were released from a TCPS flask using 0.25% Trypsin with EDTA (Corning), diluted in media, and counted. Six gels were made simultaneously to minimize the time that VICs were in the photoinitiator solution. 900,000 VICs were centrifuged at 750× g and resuspended in 60 μL of 4% w/v PEG-PQ-PEG and 2 mM PEG-RGDS photoinitiator solution (15×10 6 cells/ml). An established white light photoinitiator system [21] consisting of 1.5% triethanolamine (TEOA), 10 μM Eosin Y, and 0.35% v/v 1-vinyl-2-pyrillidinone (NVP) in HEPES buffered saline was used to crosslink hydrogels. 9 μL of the cell suspension was pipetted into each PDMS mold and photo-crosslinked under 160 kLux of white light (UltraTow LED Floodlight, Northern Tool and Equipment, Burnsville, MN) for 35 seconds. The PDMS mold was removed, and VIC encapsulated gels were put in an incubator overnight in VIC media to wash out unreacted photoinitiator and allow VICs to grow in the scaffold.
After overnight incubation, the VIC encapsulated gels were washed in sterile PBS and blotted dry with sterilized Kimwipes. The 15 mM RKR in DMSO was diluted to 3 mM using Eosin Y photoinitiator solution. 10 μL of the 3mM RKR solution was pipetted onto the top of the hydrogel. The gels were placed under white light for 1 minute to initiate a free-radical thiol-ene reaction between the cysteine of the RKR peptide and unreacted vinyl groups on the surface of the VIC encapsulated hydrogel. The gels were then washed extensively to remove unbound RKR peptide. Sterile PBS was pipetted onto the surface of the hydrogel to physically dislodge unbound RKR and then the gels were placed in VIC media in an incubator for 10 minutes to allow for diffusion of unbound RKR and photoinitiator solution. This process was repeated 3× to ensure only covalently bound RKR was left on the surface while keeping the encapsulated VICs viable. VECs were released from TCPS flasks using 0.25% Trypsin with EDTA (Corning), counted, and resuspended in VEC media at a concentration of 200,000 cells/ml. Cloning columns (10 mm × 10 mm) were used to restrict VEC seeding to the HEAVM surface. The cloning columns were placed on top of the base gel around the HEAVM scaffold, creating a sealed volume in which 150 μL of VEC cell suspension was pipetted to seed 30,000 cells per gel. The cloning columns concentrated the VECs in the vicinity of the HEAVM scaffold and prevented VECs from attaching to the bottom of the well plate. The outside of the cloning columns was flooded with 50:50 VIC:VEC media and the cloning columns were removed after 1 hour in culture. The HEAVM gels were cultured for 7 days.
In experiments where VIC-only and VEC-only controls were compared to the HEAVM coculture, the same procedure was followed. VIC-only scaffolds were constructed by encapsulating VICs in 4% PEG-PQ-PEG hydrogels with 2 mM PEG-RGDS. The gels were incubated in VIC media overnight and the next day RKR was crosslinked to the surface, but no VECs were seeded onto the gels. VEC-only scaffolds were constructed by forming acellular 4% PEG-PQ-PEG hydrogels with 2 mM PEG-RGDS, incubating them in VIC media overnight, and crosslinking RKR peptide to the surface followed by seeding VECs on the surface as detailed above.
Fluorescently Labeled Peptides
RKR and PEG-RGDS were fluorescently tagged with AlexaFluor 532 or AlexaFluor 488 succinimidyl ester, respectively, following the manufacturer's protocol (Invitrogen, Carlsbad, CA). PEG-RGDS was dissolved at 20 mg/mL in 0.1 M sodium carbonate buffer and RKR was first dissolved in DMSO at 30 mM and then adjusted to 10 mg/ml in 0.1 M sodium carbonate buffer. The AlexaFluor succinimidyl ester was dissolved at 10 mg/mL, added dropwise to the peptide solutions, and vortexed lightly for 1 hour. The solution was dialyzed against pure water and lyophilized before use. PEG-RGDS-AF488 was incorporated into a 4% PEG-PQ-PEG hydrogel and RKR-AF532 was covalently bound on top of the hydrogel in the same manner as described above for unlabeled peptides. 500 μm thick sections were sliced with a razor blade and laid on their side to image the cross-section of the hydrogel using a confocal microscope (LSM 510 Live 5, Zeiss, Oberkochen, Germany)
Mechanical characterization of hydrogels
HEAVM scaffold and base gel stiffness were characterized through compression testing. Hydrogels consisting of 4% PEG-PQ-PEG with 2 mM PEG-RGDS were crosslinked under white light in cylindrical PDMS molds 6 mm in diameter by 0.8 mm thick for 35 seconds. The hydrogels were soaked in PBS overnight and subject to unconfined compression at a rate of 0.02 mm/sec using a Bose Electroforce ELF 3200 mechanical testing machine equipped with a 1000 g load cell (Bose Electroforce, Eden Prairie, MN). After this nondestructive testing, RKR was added to the surface of each gel as described in the previous section and crosslinked under white light for 1 minute. Unreacted RKR was washed off and the gels were left to soak in PBS overnight. Hydrogels were mechanically tested again using the same parameters to determine how the bulk stiffness of the hydrogel changed with additional crosslinking. For all tests, the compressive modulus was calculated as the leastsquares linear fit slope of the stress/strain curve between 5% and 15% strain. Volumetric swelling was calculated by using cross-sectional area and thickness measurements from stereoscope images.
2D cell adhesion and phenotype verification
To verify the ability of valve cells to adhere to adhesive peptides RKR and RGDS, VECs and VICs were seeded onto the surface of PEG-PQ-PEG scaffolds that had either: 3 mM of RKR conjugated only on the hydrogel surface, 2 mM PEG-RGDS conjugated throughout the bulk hydrogel, or combined RKR (on the surface)-RGDS (bulk) conjugated hydrogels. AECs were used as a reference endothelial population, and were also seeded onto all hydrogel scaffold combinations. After 7 days of culture, the cells were imaged using brightfield microscopy to visualize cell morphology, and then immunostained for CD31 and αSMA.
Cytotoxicity assessment
The ability of the cells to survive the encapsulation and seeding process was assessed using the Live/Dead viability kit (Invitrogen, Carlsbad, CA) following manufacturer's instructions. After 3 days in culture, HEAVM constructs were incubated in 2 μM of calcein AM and 4 μM of ethidium homodimer-1 in culture media for 30 minutes at room temperature. The gels were washed once in PBS and immediately imaged with confocal microscopy (A1-Rsi, Nikon, Tokyo, Japan). Cells were counted using the ImageJ 3D Objects Counter plug-in.
Immunohistochemistry
Cells cultured on all hydrogel scaffold combinations were fixed in 4% paraformaldehyde for 45 minutes and permeabilized with 0.25% Triton-X for 15 minutes at room temperature. Next, samples were the blocked in PBS with 3.5% bovine serum albumin (BSA) at 4°C overnight. The samples were incubated with primary antibodies of interest at manufacturer recommended dilutions in PBS and 0.35% BSA overnight at 4°C. Negative controls were left incubating in PBS with 0.35% BSA. The next day, samples were incubated with fluorescent secondary antibodies (AlexaFluor 488/555/633; Pacific orange, Invitrogen) overnight at 4°C. After washing, samples were counterstained with DAPI and phalloidin for 1 hour prior to imaging with confocal microscopy (Nikon A1-Rsi or Zeiss LSM 510).
Antigens investigated in this study included the endothelial marker CD31 (Abcam, Cambridge, MA., ab28364, 1:50); VIC activation marker αSMA (Abcam, ab7817, 1:50); eNOS (BD biosciences, BD610296, 1:100); and extracellular proteins laminin (Lam, Abcam, ab14055, 1:200), collagen type IV (Col IV, Abcam ab6586, 1:500), perlecan (Pln, Abcam, ab26265, 1:1000), collagen type I (Col I, Abcam, ab34710, 1:50) and fibronectin (FN, abcam, ab6328, 1:100).
Scanning Electron Microscopy
Scanning electron microscopy (SEM) was performed to visualize VEC monolayer morphology on the surface of HEAVM scaffolds that had been in culture for 28 days and to visualize adhered platelets. The gels were fixed with 4% paraformaldehyde for 45 minutes at room temperature, dehydrated through a serial ethanol gradient (10-100%) and dried in a critical point dryer (EMS 850, Electron Microscopy Sciences). Before drying, the VEC monolayer and associated basement membrane were carefully peeled back from one HEAVM sample to visualize the underlying VICs. The dried samples were sputter coated with 10 nm of gold (Desk V, Denton Vacuum, Moorestown, NJ) and imaged using an FEI Quanta 400 ESEM microscope (FEI, Hillsboro, OR) in high vacuum mode at 15 kEV.
Quantitative RT-PCR
Quantitative RT-PCR (qPCR) was used to quantify the relative gene expression of αSMA, CD31 and eNOS between all 3D scaffold culture groups (n=4-6). After 7 days in culture, cell seeded hydrogels were homogenized and mRNA was extracted and purified using Quick-RNA MiniPrep Kit (Zymo Research, Irvine, CA). The purified mRNA was reversetranscribed into cDNA (1 st Strand cDNA synthesis kit, Takara Bio, Otsu, Japan). All cDNA samples were stored at −20°C until use. qPCR was performed using QuantiTect SYBR Green PCR Master Mix (Clontech Laboratories, Mountain View, CA) in a Mastercycler ep realplex qPCR system (Eppendorf, Hamburg, Germany). Relative expression ratios were calculated using the REST 2009 program [22] using the pairwise fixed reallocation randomization test for statistical significance (p-value less than 0.05). Relative gene expression of αSMA was normalized to VIC-only seeded scaffolds, and CD31 and eNOS gene expression were normalized to VECs cultured on TCPS. All primers used (Integrated DNA Technologies, Coralville, Iowa) are listed in table S1.
Because the HEAVM scaffold contained 2 different cell types, the C t values of the housekeeping gene, GAPDH, were adjusted based on the average number of VICs and VECs in the scaffold. This adjustment was performed to portray the behavior of the cells of interest more accurately (VICs for αSMA and VECs for CD31 and eNOS). VICs and VECs were counted using ImageJ in representative scaffolds (n=5) giving a ratio of 37.3% VECs and 62.7% VICs. Based on the GAPDH primer efficiency of 94.2%, the HEAVM GAPDH C t value was reduced by 0.72 for αSMA and 1.22 for eNOS and CD31.
Nitric Oxide Production
A total nitric oxide (NO) detection kit (Enzo Life Sciences, Farmingdale, NY) was used to measure the sum of nitrites (NO 2 − ) and nitrates (NO 3 − ) in collected media samples to determine the levels of nitric oxide produced by HEAVM co-cultures. Because nitric oxide is quickly degraded into nitrates and nitrites in culture, the kit coverts the collected NO breakdown products into nitrites that can be colorimetrically detected when reacted with Greiss reagents.
Fresh culture media samples were collected from HEAVM co-culture, VEC-only, and VIConly scaffolds after 3 days since last medium change, on day 5 of culture (n=5). Fresh 50:50 VIC-VEC culture medium was used as a baseline control. Following the kit protocol, media samples were diluted 1:2 with NO kit reaction buffer and ultrafiltered through a 10,000 molecular weight cut off filter (Millipore). Next, 50 μL of each sample was incubated in a microtiter plate with NADH and nitrate reductase enzyme for 30 min. at 37°C. The mixtures were then reacted with Greiss reagents for 10 min. at room temp. The peak absorbance of each of the solutions were measured between 400-600nm with a spectrophotometer (Cary 60 UV-Vis Spectrophotometer, Agilent Technologies, Santa Clara, CA) and the total nitrite concentration was calculated using a standard curve produced using serial dilutions of a nitrate standard. The nitrite concentration from the fresh 50:50 culture medium controls were used as a baseline and subtracted from the nitrite concentrations measured in the cell seeded hydrogel scaffolds.
Platelet adhesion assay
A quantitative platelet adhesion assay adapted from Xu et al. was performed to assess the HEAVM co-cultures' ability to prevent platelet activation and adhesion [23] . Whole blood was collected from consented healthy adults using a Rice University IRB approved protocol and centrifuged to isolate platelet rich plasma (PRP). The PRP was then treated with prostacyclin (5 μg/mL of PRP), washed 2× with CGS buffer (12.9 mM sodium citrate/33.33 mM glucose/123.2 mM NaCl, pH 7) to remove remaining plasma. The platelets were resuspended in calcium free Tyrode's buffer at half the original volume of collected PRP and were dyed with Sudan B Black solution (5% w/v in 70% ethanol) for 2 hours at room temperature. After staining, the platelets were washed 3× with PBS to remove excess dye, counted using a hemocytometer, and resuspended to a concentration of 10×10 6 platelets/mL in PBS. Next, 5×10 6 platelets were added to HEAVM co-culture, VEC-only, VIC-only, and blank hydrogel scaffolds and incubated for 1 hour in a shaking incubator at 37°C. All constructs were then washed 3× with PBS to remove unbound platelets. Next, each scaffold was carefully removed from the PEG base gel and placed in a microcentrifuge tube. DMSO was added to each sample to lyse the bound platelets and release the SBB dye into solution.
Afterwards equal volume of PBS was added to the lysed platelet suspension in order to normalize to the PBS measured in the standard curve. The solutions for each sample were collected into cuvettes and the peak absorbance were measured at 614 nm using a Cary 60 UV-Vis spectrophotometer. The total adhered platelets were calculated based on a standard curve made from serial dilutions of the dyed platelet stock solution, and then normalized to the amount of adhered platelets on the blank scaffolds.
To visualize SBB dyed adhered platelets, a sample of blank, VIC-only, VEC-only, and HEAVM were fixed in 4% PFA for 30 minutes. Gels were washed 3× in PBS and counter stained with DAPI for 1 hour before being imaged on Nikon A1-Rsi confocal microscope. Each of the fixed samples were incubated with 15 μg/mL of fluorescent acetylated lowdensity lipoprotein complexes (DiI-AcLDL, Invitrogen) 4 hours prior to the addition of the platelets. DiI-AcLDL is commonly used to identify endothelial cells in culture by their ability to take up the fluorescent AcLDL complexes. Fluorescent and brightfield images were overlaid to identify areas of the hydrogels where activated platelets adhered.
Results
Constructed hydrogel-based aortic valve model scaffolds have relevant spatial arrangement of cell adhesive peptides HEAVM scaffolds were constructed over a 2 day period ( Figure 1A) . A 12 mm diameter by 0.5 mm thick 10% w/v 6 kDa PEGDA base gel was used to facilitate moving the HEAVM scaffold with tools without damage. The stiffness of the base gel was 126.7 ± 2.5 kPa with a volumetric swelling ratio of 27.5 ± 2.5%. The 5 mm diameter by 250 μm thick VIC encapsulated PEG-PQ-PEG gel was seeded with VECs on the surface. The resulting co- culture system consisted of a VEC covered-VIC encapsulated scaffold on top of the PEGDA base gel ( Figure 1B ).
Peptide incorporation was verified using fluorophore-labeled RGDS and RKR peptides ( Figure 1C ). PEG-RGDS+AlexaFluor 488 was incorporated into the bulk of the PEG-PQ-PEG gel ( Figures 1C-2 and 1C-4) while RKR+AlexaFluor 532 was crosslinked to the surface ( Figure 1C-1) . Some excitement of the AF488 fluorophore due to the 532 nm laser was observed, but there was a distinct difference between the fluorescent signal on the surface with RKR ( Figures 1C-1 and 1C-2 ) compared to the surface without RKR ( Figure  1C-3 and 1C-4) .
The volumetric swelling ratio of 22.9 ± 1.5% was calculated by comparing the initially cross-linked volume to the fully swollen volume of the hydrogel. The bulk compressive modulus of the swollen hydrogels was 5.95 ± 0.20 kPa. RKR was cross-linked to the surface of the hydrogels after compression testing and then left overnight in PBS. There was no significant difference in swelling after this secondary crosslinking (p = 0.61), but the compressive modulus increased to 10.25 ± 0.98 kPa (p = 0.02) because unreacted freeacrylate groups in the bulk of the hydrogel crosslinked to completion.
Combined RKR-RGDS conjugated scaffolds support VEC monolayer formation
VECs, VICs, and aortic endothelial cells 2D cultures of VICs adhered and spread onto both RGDS-only and RGDS-RKR conjugated scaffolds. VICs adhered to RKR only scaffolds, but aggregated with surrounding VICs rather than spreading on the surface or invading into the hydrogel (Figure 2 , bottom row). VICs cultured in 2D atop the RGDS-only and RGDS-RKR conditions invaded into the hydrogel scaffold and stained strongly for αSMA.
HEAVM co-cultures maintain valve cell phenotypes and physiologically relevant localization
Live/Dead stains of cell seeded HEAVMs after 3 days in culture showed that most of the VECs (88%) seeded on the surface remained viable (Supplemental figure S1 ). Encapsulated VICs showed lower survival with 66% of cells staining positive for calcein.
After 7 days in culture, immunohistological stains of HEAVM co-cultures showed that VECs localized on the surface formed a monolayer and were positive for CD31, while VICs within the hydrogel had low, diffuse expression of activation marker αSMA ( Figure 3A) . SEM pictographs of the HEAVM confirmed the formation of a tight, continuous VEC monolayer on the scaffold surface (Supplemental figures S2A and S2B). SEM and confocal imaging demonstrated healthy 3-dimensional spreading by VICs within the hydrogel scaffold (Supplemental figure S2C-D) . VEC-only surface-seeded scaffolds stained positive for CD31 and negative for αSMA, and did not invade into the PQ-degradable hydrogel. 3D encapsulated VIC-only scaffolds stained negative for CD31, but stained positive for αSMA when localized closer to the bottom of the scaffold (Supplemental figure S3 ).
Quantitative real time-polymerase chain reaction (qPCR) confirmed that HEAVM co-culture and VEC-only scaffolds, as well as VECs cultured atop TCPS had significantly lower levels of αSMA mRNA expression versus VIC-only encapsulated scaffolds (p<0.05). VICs grown on TCPS had significantly higher αSMA mRNA expression than all other groups (p<0.05) ( Figure 3B ). VIC-only scaffolds had 1000× less CD31 mRNA expression than the baseline VEC TCPS group (p<0.05) ( Figure 3C ). HEAVM and VEC-only scaffolds had no significant differences in CD31 gene expression relative to VEC TCPS. The GAPDH C t value for the HEAVM scaffold was adjusted in order to account for only the cell of interest (VICs for αSMA and VECs for CD31) as described in the materials and methods. Adjusting the value did not change the results or statistical significance (Supplemental figures S4A, S4B).
HEAVM co-cultures synthesize and release nitric oxide
HEAVM co-cultures stained for endothelial nitric oxide synthase (eNOS) co-localized with CD31-positive VECs at the surface of the scaffold co-culture ( Figure 4A ). HEAVM coculture (p=0.14) and VEC-only (p=0.06) scaffolds expressed similar levels of eNOS mRNA as VECs on TCPS ( Figure 4B ). VIC-only scaffolds expressed significantly lower (1000x) levels of eNOS mRNA than all other groups (p<0.05). The GAPDH C t value for the HEAVM scaffold eNOS expression was adjusted to account for VECs only as described in the materials and methods. If GAPDH from both VICs and VECs in the HEAVM scaffold was used in the analysis, qPCR results indicate that the HEAVM expressed less eNOS mRNA (p=0.049) than the VEC-only case (Supplemental figure S4C) .
NO byproducts released into culture medium were measured to quantify the levels of nitric oxide (NO) produced by the cells ( Figure 4C ). Less than 1 μM of nitrite was measured in VIC-only scaffolds. The VEC-only and HEAVM scaffolds had significantly higher nitrite concentrations than the VIC-only scaffolds (p<0.05).
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VEC monolayer reduces platelet adhesion to underlying HEAVM scaffold
Platelet adhesion on the hydrogel constructs was quantified through the measured absorbance of lysed adhered platelets. VEC-only scaffolds had 0.33% less adhered platelets (p = 0.26) than acellular, blank hydrogels, while HEAVM scaffolds had two times more adhered platelets (p = 0.06) than blank ( Figure 5A ). HEAVM co-cultures had significantly greater platelet adhesion than VEC-only scaffolds (p<0.005). VIC-only scaffolds promoted significantly greater platelet adhesion than all other groups, including 10× more adhered platelets than found on VEC-only scaffolds (p<0.005).
VEC-only scaffolds had a continuous endothelial monolayer that stained positively for DiIAcLDL with minimal platelet adhesion ( Figure 5B , Supplemental figure S5A ). Large platelet clumps adhered to the VIC-only scaffolds, especially in areas where VICs were visible on the surface of the hydrogel ( Figure 5C , Supplemental figure S5B ). Acellular blank gels had regions of adhered platelet clumps scattered throughout the hydrogel surface ( Figure 5D , Supplemental figure S5C ). The majority of HEAVM co-culture scaffolds had a DiI-AcLDL positive endothelial monolayer free from adhered platelets on the scaffold surface ( Figure 5E ). However, platelet clumps could be seen on small regions on the HEAVM scaffold with DiI-AcLDL negative cells, blank regions, and areas where there were disruptions in the endothelial monolayer ( Figure 5F -G, Supplemental figure S5D ).
Long term HEAVM co-cultures produce zonally organized extracellular matrix
HEAVM co-cultures cultured for 28 days produced an abundance of basement membrane proteins laminin, perlecan, and collagen type IV on the surface of hydrogel scaffold ( Figure  6A ). Collagen type I fibers were present throughout the interior of the hydrogels and fibronectin, a ubiquitous ECM protein, was present both on the surface and throughout the HEAVM scaffold ( Figure 6B ).
Discussion
In vitro culture of primary cells is an important technique for learning how cells behave in the body and how they respond to both normal and pathological stimuli. However, the utility of in vitro culture is limited by the inability to mimic the natural microenvironment perfectly. Advancements in cell culture technology improve on shortcomings by providing physiologically relevant scaffolds and cues in platforms which can then be used to study disease states, response to external stimuli, and/or preliminary drug-screening. In this study, we present a hydrogel-based endothelialized aortic valve model (HEAVM) construct to coculture aortic valve cells, VICs and VECs. This platform was designed to allow for precise control and independent modulation of various factors that can influence cell behavior, including mechanical properties and cell ligand concentration and arrangement. PEG has been widely used as a scaffold material due to its innate property to resist non-specific protein adsorption and its tunability that allow researchers to tailor material properties and incorporate covalently bound cell signaling molecules through different crosslinking mechanisms [24] . Previous studies have successfully supported VIC viability and function in long-term 3D culture using PEG hydrogels with PQ MMP degradable peptide sequences and RGDS adhesion ligands [25, 26] . VEC cultures, on the other hand, have been shown to maintain healthy phenotype and monolayer formation when cultured on RKR peptidefunctionalized PEGDA hydrogels, but lose stability and hemostatic balance when cultured on RGDS only-functionalized hydrogels [27] . Thus, the HEAVM platform was constructed by combining the strategies to encapsulate VICs in 3D throughout the interior of PEG-PQ-PEG/PEG-RGDS hydrogel and to functionalize the surface with RKR adhesive ligands to support VEC monolayer growth (Figure 1 ). This design mimics the natural arrangement of heart valves with VICs throughout the valve interior and VECs lining the blood-contacting surfaces [28, 29] . VECs seeded in 2D onto the RKR functionalized surfaces (both RKR only and the RKR-RGDS combination) quickly formed stable monolayers and did not invade into the MMP-2 degradable gel (Figure 2 ). These results are in agreement with published data which has demonstrated the synergistic effects of integrin and syndecan in the binding of endothelial cells to their substrate [30] . Conversely, VICs did not spread when cultured in 2D on top of RKR only hydrogels, but retained cell spreading and proliferation when cultured on the RGDS only and combined RKR-RGDS scaffolds (Figure 2 ). When encapsulated in hydrogels and grown in 3D, VICs retained a healthy, spread morphology (Supplemental figure S2C-D) . Therefore, using a tunable scaffold with regionally localized syndecan binding (RKR) at the surface and integrin binding (RGDS) throughout the hydrogel was ideal in promoting the corresponding cell growth of VECs at the scaffold surface and VICs within ( Figure 3A ).
The HEAVM scaffold design is the first reported direct contact co-culture model that utilizes synthetic constructs to spatially distribute multiple cell adhesive peptides in order to support layer specific cell growth as a means to mimic physiological cell organization. Previous valve cell co-culture models using collagen gels [13, 31, 32] achieved VEC monolayer formation on the surface with VIC encapsulation underneath, but collagen gels are limited in allowing customization of specific ligand presentation and localization. The goal of the HEAVM was to build upon the work done with collagen gels by creating a synthetic scaffold with cell-specific functionalization. While specific scaffold functionalization has been applied in non-contact co-culture models [14, 33] , the elimination of valve cell contact limits the evaluation of key aspects of disease progression, such as VEC invasion or VIC disruption of the endothelial layer [14, 33] . Even in the broader field of vascular research, there are many examples [34] of vascular endothelial cell/smooth muscle cell co-culture platforms using collagen [35] , fibrin [36] , polytetrafluoroethylene (PTFE) [37] , and poly-glycolic acid (PGA) + poly-4-hydroxybutyrate (P4HB) [38] scaffold materials; none of these studies, however, incorporated spatially organized cues into the scaffold designs. The HEAVM concept can also be applied to the vascular field to study atherosclerosis, intimal hyperplasia, cancer metastasis, and cell and tissue responses to drug models in vitro. Our model improves upon the limitations of previously reported co-culture platforms by providing customizable control of localized ligand presentation as well as mediating physiologically relevant cell localization to improve the in vitro study of normal and pathological cell functions. Unlike collagen-based scaffolds, this synthetic material also allows for modulation of bulk mechanical properties.
In addition to supporting cell adhesion to physiologically relevant locations within the hydrogel scaffolds, the long term maintenance of valve cell phenotypes are essential in developing a healthy aortic valve model. Previous studies of valve cell co-cultures have shown to greatly influence both VIC and VEC phenotypes. Specifically, the presence of VECs in co-cultures reduced VIC proliferation and αSMA activation, and diminished the VIC's capacity to form calcific nodules [13, 15, 31, 32] . Conversely, a direct contact coculture study using magnetically levitated valve cell constructs resulted in decreased VEC expression of endothelial markers (CD31, von Willebrand factor) and increased αSMA activation within the construct when surrounded by VICs [15] , suggesting that localization and spatial organization of VECs when co-cultured with VICs is critical for the maintenance of VEC phenotype. In HEAVM co-cultures, VECs were seeded onto the surface of the scaffold, and within 7 days in culture, proliferated to form a continuous CD31 positive monolayer with limited αSMA activation ( Figure 3A) , suggesting that organized placement of VECs relative to VICs on the HEAVM co-culture supported the maintenance of healthy VEC phenotype ( Figure 3C ). Culture of VICs in 3D PEG-PQ hydrogels significantly reduced αSMA compared to 2D culture on TCPS ( Figure 3B ), a finding that is consistent with previously published research [39] . Co-culture of VICs in the HEAVM further significantly reduced αSMA activation levels in encapsulated VICs relative to VIC-only scaffolds, promoting VIC quiescence while providing an organized platform for a healthy VEC layer ( Figure 3B ).
Furthermore, the long term culture (28 days) of VECs and VICs in the HEAVM construct resulted in cell secretion of ECM corresponding to their location within the valve. In vivo, VECs are adhered to basement membrane composed primarily of laminin, perlecan, collagen type IV, and nidogen proteins [40] . Though initially supported only by RKR and RGDS ligands, VECs on the HEAVM constructs secreted abundant quantities of laminin, perlecan, and collagen type IV proteins localized at the scaffold surface, resulting in an interwoven basement membrane to support long term endothelial growth ( Figure 6A ). Within the scaffold, encapsulated VICs produced collagen fibers and fibronectin proteins throughout the hydrogel interior, both primary components of the leaflet fibrosa layer [28, 29, 40] , suggesting the potential to produce other ECM present in mature valve tissues in future optimized conditions ( Figure 6B ). While the simplicity of the HEAVM design provided sufficient cell adhesion through the presentation of ECM-derived peptide ligands, long term co-culture of the valve cells in this scaffold promoted regional production and localization of full ECM proteins.
Since the HEAVM design was able to maintain valve cells in stable phenotypes and promote production of physiologically appropriate ECM, the model provided a platform for studies of valve cell interactions and functions. Previous co-culture literature has demonstrated that VICs respond favorably to co-culture with VECs, but fewer studies have focused on the VEC response. For example, NO, a vasodilator, has been shown to lower VIC αSMA activation in vitro, and may be an important VEC signaling molecule in maintaining VIC quiescence and valve tissue health [14, 32] . VECs on HEAVM co-culture scaffolds had similar eNOS expression, and thus, similar NO production levels in comparison to VEConly scaffolds ( Figure 4B-C) . Therefore, NO produced by VECs was likely a major factor in overall reduction of VIC activation as seen by the lower αSMA levels of VICs in HEAVM co-cultures compared to VIC-only scaffolds. In addition to influencing VIC phenotype, VECs also play a critical role in regulating thrombotic and inflammatory events at the tissue surface [11, 41, 42] . In homeostatic states, endothelial cells prevent platelet adhesion and activation, as depicted by the minimal platelet adhesion measured and observed on VEC-only scaffolds ( Figure 5A-B) . There were only a very few instances of platelets adhering to areas with endothelial cells on VEC-only scaffolds (Supplemental figure S5A) . HEAVM co-cultures promoted more platelet adhesion than the VEC-only scaffolds, but significantly less than VIC-only scaffolds. Under closer inspection with confocal microscopy, the majority of the HEAVM surface was covered by dil-AcLDLpositive VEC monolayers, which had minimal platelet adhesion similar to VEC-only scaffolds ( Figure 5E ). However, platelet adhesion was visible on regions on the HEAVM co-culture surface that had VIC infiltration (as seen by dil-AcLDL-negative cells), blank regions (lack of VEC adhesion), and disruptions in the endothelial monolayer (caused by handling of the hydrogels) ( Figure 5F -G, Supplemental figure S4 ). The HEAVM scaffold had more platelets adhered in these regions than the VEC-only scaffolds because when there were breaks in the monolayer, platelets adhered more readily to underlying VICs (Supplemental figure S5B ) as compared to the underlying PEG-PQ hydrogel in the VEConly case (Supplemental figure S5C) . Nevertheless, most of the hydrogel regions with VEC monolayers reduced platelet adhesion by acting as a barrier to underlying ECM and VICs, and confirms that the endothelialized hydrogel-based scaffold can maintain this essential anti-thrombotic function.
There are still improvements that can be made in this co-culture construct design. After the secondary crosslinking step in HEAVM construction, the viability of encapsulated VICs decreased. In order to preserve free acrylate groups on the surface in which to bind the RKR peptide, the hydrogel was initially undercrosslinked, leaving free acrylate groups both on the surface and throughout the bulk of the VIC-encapsulated hydrogel. Some VICs may have been harmed during the secondary crosslinking, which resulted in photoinitiated freeradicals in bulk and an increase in scaffold stiffness and decrease in pore size. The surviving VICs maintained their quiescent phenotype and produced organized ECM; regardless, further optimization in the HEAVM synthesis protocol will be explored to improve encapsulated cell viability in future studies. Secondly, the mechanical properties and physical makeup of the current HEAVM design are not representative of a physiologic valve. The base gel caused a stiff boundary condition on the bottom of the co-culture gel, which VICs responded to with increased αSMA expression (Supplemental figure S3) . However, the PEGDA base gel is an improvement over stiffer substrates such as glass or polystyrene. The heterogeneous ECM composition and mechanical properties of the interior of the native valve leaflet are not modeled well in this system, but future work can add these properties to this co-culture model. Furthermore, the HEAVM scaffold was statically cultured in this study, meaning that it was not subjected to exogenously applied mechanical stimulation. Physiologically relevant mechanical stimulation will likely be necessary to fully recapitulate all aspects of valve biology.
In conclusion, we developed a novel co-culture scaffold that was used to evaluate VIC-VEC maintenance of quiescent cell phenotypes, production of ECM and NO, and prevention of platelet adhesion. This system utilized the tunable characteristics of PEG-based hydrogels to localize adhesive ligands shown to support cellular adhesion of specific cell types to spatially organized regions. As a result, the HEAVM co-culture platforms preserved both VIC and VEC functional responses to develop a simplified healthy aortic valve model. Though valve cells cultured in the HEAVM model produced localized ECM within the construct, developing an aortic valve model with the valve's complex ECM composition and layered structure would likely require additional approaches to recapitulate physiological organization. Additional strategies such as 2-photon photo-lithography and or embedding layered biomaterials into the constructs may be integrated to increase scaffold design complexity of future studies [4, 20] . Optimization and combinations varying the cell seeding density, adhesive ligands, and growth factors can be implemented to investigate injured and diseased valve states. The application of these proposed improvements to this fully synthetic scaffold could be considered in future tissue engineering applications. The PEG based VIC-VEC co-culture model presented here is a next step in designing a system to improve the field's understanding of how arrangement and communication between VICs and VECs affect the onset and progression of valve disease.
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